There are an increasing number of indications for trimethoprim-sulfamethoxazole use, including skin and soft tissue infections due to community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA). Assessing the relationship between rates of use and antibiotic resistance is important for maintaining the expected efficacy of this drug for guideline-recommended conditions. Using interrupted time series analysis, we aimed to determine whether the 2005 emergence of CA-MRSA and recommendations of trimethoprim-sulfamethoxazole as the preferred therapy were associated with changes in trimethoprim-sulfamethoxazole use and susceptibility rates. The data from all VA Boston Health Care System facilities, including 118,863 inpatient admissions, 6,272,661 outpatient clinic visits, and 10,138 isolates were collected over a 10-year period. There was a significant (P ‫؍‬ 0.02) increase in trimethoprim-sulfamethoxazole prescriptions in the post-CA-MRSA period (1,605/year) compared to the pre-CA-MRSA period (1,538/year). Although the overall susceptibility of Escherichia coli and Proteus spp. to trimethoprim-sulfamethoxazole decreased over the study period, the rate of change in the pre-versus the post-CA-MRSA period was not significantly different. The changes in susceptibility rates of S. aureus to trimethoprim-sulfamethoxazole and to methicillin were also not significantly different. The CA-MRSA period is associated with a significant increase in use of trimethoprim-sulfamethoxazole but not with significant changes in the rates of susceptibilities among clinical isolates. There is also no evidence for selection of organisms with increased resistance to other antimicrobials in relation to increased trimethoprim-sulfamethoxazole use.
T rimethoprim-sulfamethoxazole (TMP/SMX) is a combination sulfonamide antibiotic recommended as first-line treatment of uncomplicated urinary tract infections (UTI), skin and soft tissue infections, and community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA) infections by clinical practice guidelines (14, 21, 30) . This broad-spectrum agent is also used for treatment of respiratory infections, as well as for prophylaxis in immunocompromised patients at risk for Pneumocystis jiroveci-associated pneumonia (11, 12, 19) . Given these multiple potential uses, it is likely that the prescribing of TMP/SMX has increased over the past decade (9) .
Although increasing utilization of this drug could be viewed as a positive performance outcome, it is also possible that use is contributing to increasing resistance rates (8) . As with many antimicrobials, the development of in vitro resistance to TMP/SMX is considered to be, at least in part, a function of use (4, 5, 10, 20, 26) . If so, the benefit of this drug for clinical practice guideline recommended conditions could potentially be compromised over time. Already, national surveys of clinical isolates estimate that Ͼ20% of outpatient urinary Escherichia coli isolates from women are resistant to TMP/SMX (4, 16, 27) . These rates vary by geographic region and may not reflect the true resistance prevalence in uncomplicated cystitis but nonetheless support the notion that resistance is increasing among Gram-negative clinical isolates (13) . Resistance among Gram-positive strains is less prevalent, with most CA-MRSA strains remaining susceptible to TMP/SMX (2) . Thus, the associations between use and resistance rates are not clearly understood and may vary by organism (26) .
Another impact of increases in TMP/SMX use could be selection or propagation of organisms with resistance to other antimicrobials, also known as collateral damage (24) . Children receiving TMP/SMX were found to have higher rates of multidrug-resistant Enterobacteriaceae in their intestinal flora compared to placebotreated children, possibly through selection of an integron carrying multiple resistance genes (33) . However, a recent systematic review did not find a relationship between TMP/SMX prophylaxis and other resistant microbial flora in patients with HIV infection (29) . The collateral effects of antibiotic use on the human microbiome are increasingly being recognized as important contributors to multidrug resistance, and studies evaluating the impact of various drugs on the susceptibility rates of clinical isolates over extended periods are needed to promote stewardship and optimize guidelines (32) .
If TMP/SMX use is linearly related to increasing resistance, the risks of the drug may outweigh the benefits, at least in certain populations and certain conditions for which alternative agents are available. Thus, the relationship between the use of TMP/SMX and resistance to itself as well as other antimicrobial agents has potential significance for clinicians as well as for treatment guidelines and stewardship policies. The goal of this study was to evaluate the susceptibility rates to TMP/SMX and to other antimicrobials over 10 years spanning the 2005 period when the recognition of CA-MRSA was increasing and recommendations to front-line clinicians from guidelines and other publications advocated TMP/SMX use in patients with skin and soft tissue infections (7, 15, 18) . We hypothesized that TMP/SMX use increased after this CA-MRSA emergence period and that susceptibility rates changed but not necessarily in direct temporal correlation to use.
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MATERIALS AND METHODS
Study population. All patients receiving care from the VA Boston Health Care System (VABHS) during the years 2001 through 2010 were eligible to be included in the database. VABHS is an integrated health care system consisting of a 250-bed inpatient acute care hospital, a long-term care hospital, and six community-based outpatient clinics (CBOCs) throughout Massachusetts. VABHS receives more than 10,000 inpatient admissions annually and serves as one of the major medical centers for veterans in New England.
Data collection. Aggregate data for inpatient and outpatient oral TMP/SMX orders at VABHS from 2001 to 2010 were collected using the Veterans Health Information Systems and Technology Architecture (VISTA) database. Intravenous orders for TMP/SMX were also available but represented a minor fraction of total orders and thus were not included in usage rates. The inpatient order data were adjusted for annual inpatient admissions. The outpatient prescription data were not adjusted for outpatient visit frequency because a large proportion of outpatient visits are nonmedical (e.g., mental health visits and lab draws) and could not be separated from medical visits.
The clinical microbiology laboratory provided annual aggregate data on the rates of susceptibility of commonly encountered pathogens to a panel of Gram-positive and Gram-negative spectrum agents, including TMP/SMX. All isolates are routinely tested for susceptibility to TMP/SMX by an automated MIC system (Microscan) and are interpreted based on Clinical and Laboratory Standards Institute (CLSI) criteria. The data for years 2001 through 2010 were collected from the antibiogram published yearly at VABHS. The antibiogram is compiled from pooled clinical isolates from the three main campuses, Jamaica Plain (outpatient), West Roxbury (acute care), and Brockton (long-term care), as well as a smaller fourth campus in Bedford. MA, and the six CBOCs. In the years 2005 to 2006, aggregate rate calculations for the antibiogram were modified so that only one isolate per patient was included per year, which is consistent with current CLSI recommendations.
To evaluate whether TMP/SMX use increased specifically for treatment of skin and soft tissue infections, a manual chart review was conducted on 240 inpatients (96 before and 144 after the CA-MRSA emergence period) using the Computerized Patient Record System (CPRS) database within VABHS. All study procedures were approved by the VA Boston Institutional Review Board.
Statistical methods. Because annual observations are not independent, interrupted-time series analysis, which factors in autocorrelations, was used to compare trends in TMP/SMX susceptibility rates and utilization rates pre-and postintervention (25, 28) . The intervention was defined as the emergence of CA-MRSA and the publication of expert recommendations for TMP/SMX use as the preferred therapy for skin and soft tissue infections in 2005 (30) . The percentage of susceptible clinical isolates was plotted out from 2001 to 2010. Given the small number of data points, in order to obtain a stable index and a reliable estimate of standard error, we used a double-bootstrap procedure recommended by McKnight et al. (23) . This permitted a reliable comparison of both preand postintervention means (intercepts) and changes in slopes (rates).
RESULTS
TMP/SMX orders from 118,863 inpatient admissions and 6,272,661 outpatient clinic visits over a 10-year period were captured. Resistance data were calculated from a total of 10,138 Gram-positive and Gram-negative clinical isolates from the same time period.
A total of 15,715 orders for TMP/SMX were written in the outpatient setting. The average number of outpatient orders from 2001 to 2005 was 1,538/year and increased to 1,605/year from 2006 to 2010. The averages were significantly different before and after the intervention period (P ϭ 0.024), but the slopes did not differ (Fig. 1A) . A total of 6,823 inpatient orders for TMP/SMX were written for patients while admitted to VABHS from 2001 to 2010. A comparison of the preintervention average to the postintervention average of TMP/SMX orders revealed that inpatient use had significantly increased since 2005 (P ϭ 0.025) (Fig. 1B) . When TMP/SMX orders were adjusted for the annual VABHS admission rates, the increase in TMP/SMX utilization was still apparent (P ϭ 0.014), with a rate of 35 orders per 1,000 admissions in 2001 rising to 70 orders per 1,000 admissions in 2010.
In the subset of patients evaluated by manual chart review, skin and soft tissue infections were the reason for the TMP/SMX order in 10.4% of patients in the pre-CA-MRSA period compared to 28.5% of patients in the post-CA-MRSA period (P ϭ 0.004). UTI was the other major reason for TMP/SMX use, and the incidence of UTI decreasing as the indication for use from 66.7% to 53.5% in the pre versus post period.
The rates of susceptibility to TMP/SMX varied among Gramnegative and Gram-positive organisms (Fig. 2) . We examined the differences in means, adjusted for autocorrelation, as well as the differences in slopes related to the guideline intervention. Over the 10-year study period, the mean TMP/SMX susceptibility decreased from 88 to 75% for E. coli (P ϭ 0.55) and from 65 to 61% for Proteus mirabilis (P ϭ 0.91). The mean TMP/SMX susceptibility increased from 79 to 86% in Klebsiella pneumoniae (P ϭ 0.80) and from 77 to 87% in Streptococcus pneumoniae (P ϭ 0.74). S. aureus remained highly susceptible to TMP/SMX (P ϭ 0.43). However, when the harmonic means were adjusted for autocorrelations, none of these differences were significant. In addition, none of the differences in the trends in susceptibility rates of the isolates evaluated changed significantly in the pre-versus post-CA-MRSA emergence period: E. coli (P ϭ 0.74), P. mirabilis (P ϭ 0.41), K. pneumoniae (P ϭ 0.50), S. pneumonia (P ϭ 0.90), and S. aureus (P ϭ 0.43) (Fig. 2) .
The rates of bacterial susceptibility to other agents were also examined in relation to the CA-MRSA-related recommendations for TMP/SMX use. E. coli susceptibility rates to ceftazidime, cefepime, piperacillin-tazobactam, and ciprofloxacin each changed over the 10-year period, but the changes were not significantly different in the preintervention period compared to the postintervention period for any of the drugs (Fig. 3) . A similar evaluation for methicillin susceptibility among S. aureus also did not reveal a significant change before and after the intervention period (data not shown).
DISCUSSION
The relationship between TMP/SMX use and resistance is complex, but it is important to understand given increased opportunities for use of this drug. The results of the present study demonstrate that the rates of TMP/SMX use within the VABHS were higher in the 5-year period following the recognition of TMP/ SMX as a preferred agent for skin and soft tissue infections due to emergence of CA-MRSA. Most importantly, we did not find a corresponding statistically significant change in the rates of susceptibility to TMP/SMX in temporal correlation to CA-MRSA emergence, suggesting that the changes in susceptibility in the post-CA-MRSA period were just the continuation of changes in susceptibility that were already occurring prior to that event. Previous studies have demonstrated that the use of TMP/SMX is associated with increasing antibiotic resistance, but few have used interrupted time series analyses to correlate a specific event such as a emergence of a new pathogen to changing trends in use and resistance. Our study has the advantages of including data from an integrated health care system (most veterans using VABHS inpatient facilities return for subsequent inpatient as well as outpatient care) and a 10-year study period.
The development of resistance to TMP/SMX, as with most antibiotics, is likely a multifactorial process and is not completely understood (20, 26, 32) . Previous observational studies have reported an association between recent TMP/SMX use and the isolation of a resistant uropathogen in individual outpatients with UTI (4). Confounding of the results caused by including patients that have recently failed TMP/SMX therapy due to a resistant uropathogen has been a consideration, since not all studies have been consistent in this finding (3, 4, 31) . Prolonged TMP/SMX use as prophylaxis in patients with HIV has been associated with the development of TMP/SMX-resistant flora, including E. coli and S. aureus (22) . Exposure to other antimicrobials may also contribute to TMP/SMX resistance through selection for plasmids containing multiple antibiotic resistance genes. This has been the explanation for the observation that restrictions on the use of TMP/ SMX are not correlated with temporally associated reductions in resistance rates (1, 6, 34) . These studies suggest that the use of other antibiotics in place of TMP/SMX (or trimethoprim alone) may have continued to select for TMP/SMX-resistant organisms.
TMP/SMX is also considered to potentially have significant collateral damage, namely, the selection or propagation of resistant microorganisms on a population level (24, 32) . The mechanisms are not fully elucidated, but at least one study found that the sulfamethoxazole component selected for a class 1 integron, resulting in multidrug-resistant Enterobacteriaceae in the intestinal flora of children (33) . Integrons are transferable genetic elements capable of expressing multiple resistance genes in cassette structures and are strongly associated with multidrug resistance (33) . Concerns over increased resistance and the collateral effects of TMP/SMX use has led to the removal of TMP/SMX as a recommended agent from some guidelines (35) . However, a recent systematic review did not find an increase in bacterial resistance to other antimicrobial classes with the use of TMP/SMX as prophylaxis in patients with HIV (29) . In fact, TMP/SMX prophylaxis was found to be potentially protective against methicillin resistance in S. aureus and penicillin resistance in S. pneumoniae (29) . Our data support the lack of association between increased TMP/ SMX use and increased resistance to other drugs, including ␤-lactams and fluoroquinolones among E. coli and methicillin in S. aureus.
TMP/SMX is effective for many different types of infections (14, 21) . Our findings suggest that increases in TMP/SMX use temporally related to CA-MRSA emergence and guideline recommendations do not correlate with the development of antibiotic resistance in our study population. The data suggest that, at baseline, resistance rates to TMP/SMX were already increasing, and the further increase is not statistically significantly linked to the further increase in TMP/SMX use. A major strength is the use of interrupted time series analysis with bootstrapping to adjust for autocorrelation and generate reliable error estimates. If we had simply used a paired t test to compare the before and after mean rates of resistance, we would have erroneously concluded that resistance had significantly changed in association with the increased use. However, the apparent difference in means is not significant when properly adjusting for autocorrelation and comparing slopes before and after the guideline.
Since our study was conducted in a predominantly adult male veteran population, the findings may not be applicable in children or women, although we are unaware of gender differences in the mechanisms of TMP/SMX resistance development. Our population rep- resents a wide geographic region, and thus it is possible that some patients received care that included a TMP/SMX order or isolation of a resistant pathogen outside the VABHS. This is minimized by capturing both prescription and microbiology data from the outlying community clinics. Our measure of use was collected as the number of TMP/SMX prescriptions (and orders for inpatients) rather than the defined daily dose in unique patients. Although infrequent, if a patient was transferred between units, any reordered TMP/SMX would be counted as a new order. We reduced such redundancy by excluding intravenous orders since they most often are followed by an oral stepdown order. Our microbiology data were determined by the existing antibiograms, and thus changes in policies in the laboratory, such as the use of unique isolates or breakpoints for interpreting resistance, were not factors that we could account for. In general, breakpoints for TMP/SMX susceptibility did not change in this study period, and the antibiograms were consistent with concurrent CLSI guidelines.
Conclusion. Although the use of TMP/SMX has increased significantly at VABHS since the emergence of CA-MRSA and recommendations for TMP/SMX as first-line therapy, the resistance trends of clinical pathogens do not appear to correlate temporally with these recommendations. Our findings support use of TMP/ SMX as indicated by expert-based guidelines, while maintaining caution against misuse and overuse, and continuing to assess resistance rates, particularly among Gram-negative flora (17) .
ACKNOWLEDGMENTS
We thank Daniel Leavitt and John Roefaro for their help and guidance throughout this study.
K.G. chaired one of the guidelines (uncomplicated UTI) recommending TMP/SMX as a first-line agent. She did not receive any financial compensation for the work and has no financial relationship with the sponsoring foundation (Infectious Diseases Society of America). K.G. has received honoraria for presentation of a CME-approved lecture on IDrelated guidelines to the American College of Physicians Primary Care Conference (Pri-Med). K.G. had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.
